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Abstract

We have developed amodel of the diesel fuel injection process for application to analysis
of low temperature non-sooting combustion. The model uses a simplified mixing
correlation and detailed chemical kinetics, and analyzes a parcel of fuel as it moves along
the fuel jet, from injection into evaporation and ignition. The model predicts chemical
composition and soot precursors, and is applied at conditions that result in low
temperature non-sooting combustion. Production of soot precursorsisthe first step
toward production of soot, and modeling precursor production is expected to give insight
into the overall evolution of soot inside the engine.

The results of the analysis show that the model has been successful in describing many of
the observed characteristics of low temperature combustion. The model predicts results
that are qualitatively similar to those obtained for soot formation experiments at
conditions in which the EGR rate is increased from zero to very high values as the fueling
rate is kept constant. The model also describes the two paths to achieve non-sooting
combustion. The first is smokeless rich combustion and the second is modulated kinetics
(MK). The importance of the temperature after ignition and the equivalence ratio at the
time of ignition is demonstrated, as these parameters can be used to collapse onto asingle
line all the results for soot precursors for multiple fueling rates. A parametric analysis
indicates that precursor formation increases considerably as the gas temperature in the
combustion chamber and the characteristic mixing time are increased. The model
provides a chemical kinetic description of low temperature diesel combustion that
improves the understanding of this clean and efficient regime of operation.

Nomenclature

EGR Molar fraction of exhaust gas recirculation

M Mass of aparcel of fuel insidethejet at timet after fuel evaporation (Equation 1)
Mo,  Massof aparcd of fuel (including entrained air) at the time of fuel evaporation

t Time after fuel evaporation

X, Y, z Composition of fuel, CxHyOz

o Stoichiometric coefficient, defined as a=x+y/4-z/2

) Equivalence ratio inside jet

i Equivaence ratio at the point of ignition



do Equivaence ratio when EGR=0. It isan indicator of fueling rate
o(H) Equivalenceratio at the lift-off length

T Characteristic mixing time

)y Total molesin EGR composition (Equation 4)

I ntroduction

Diesel engines have the high efficiency and low maintenance that makes them the ideal
choice for transportation and power generation applications. On the other hand, diesel
engines have been identified as contributors to environmental pollution due to their high
emissions of NOy and particulate matter. New combustion regimes are being explored to
reduce emissions from diesel engines while maintaining their high efficiency. Two of
these regimes have been discovered in recent years. Smokeless Rich Diesel Combustion
(SRDC) [1] and Modulated Kinetics (MK) [2]. These two combustion regimes are
collectively known as low temperature non-sooting combustion, atitle that may also be
applied to Homogeneous Charge Compression Ignition (HCCI) engines[3].

SRDC was recently discovered by Toyota[1]. SRDC has thehigh efficiency of regular
diesel combustion while producing very low NOy and soot emissions. Very importantly,
SRDC offers the possibility of generating a fuel-rich exhaust stream from a diesel engine
that contains no PM. This exhaust stream isideal for regeneration of NOy traps, which
are considered a strong contender for diesel NOy aftertreatment. While NOy trap
regeneration in regular diesel engines typicallyre sultsin an energy penaty, SRDC
exhaust can regenerate a NOy trap with no energy penalty, considerably improving the
potential of NO traps [4]. SRDC is obtained by operating the engine at very high levels
of cooled EGR (60% or more), to keep the temperature inside the diesel jet low enough
that no particulate matter can form. The need for high EGR limits the range of operation
of SRDC to low power conditions. At higher power output, the NOy trap needs to be
regenerated by injecting fuel into the exhaust, with the associated loss in system
efficiency.

MK combustion was discovered by Nissan [2,5,6]. MK is achieved by increasing EGR to
arelatively high value (~30%) while at the same time delaying fuel injection (from ~7°
BTDC for regular diesel combustion to ~3° ATDC for MK) and increasing the swirl ratio
(from ~3 to ~5). These operating conditions increase the ignition delay, allowing the
injection process to be concluded before ignition occurs. At these conditions, significant
air-fuel mixing occurs before combustion, resulting in nearly homogeneous combustion
that produces low soot and low NOy. Asin the case of SRDC, MK islimited to low
power conditions due to the need for a short injection process that can be concluded
before ignition occurs.

Multiple publications have recently been written on SRDC and MK in an attempt to
explain the details of these operating modes. These publications include both analysis[7-
9] aswell as experiments [10-13], and they have contributed to developing an
understanding of low temperature non-sooting combustion. Analysiswork [7] has



explained non-sooting combustion by identifying aregion in the temperature-equivalence
ratio (T-¢) diagram in which soot is produced in an engine. This “soot peninsula’ extends
down to an equivalenceratio of 2 in composition and between 1600 K and 2600 K in
temperature. The shape of the soot peninsula was determined from a chemical kinetic
model of soot formation [14]. Laser imaging experiments [13] and engine performance
experiments [10] have verified these results, and have shown that non-sooting
combustion can be achieved by either keeping the combustion temperature below 1600 K
(asdonein SRDC) or by mixing the air and fuel to an equivalence ratio below 2 before
combustion occurs (as done in MK).

In this paper we conduct an analysis of low temperature non-sooting combustion with a
detailed chemical kinetic model and a simplified mixing model. The model incorporates
much of the physics of reacting diesel jets that has been observed in laser diagnostic
experiments [15,16], and it is therefore capable of explaining much of the characteristics
of low temperature non-sooting combustion. The following section describes the model
in detail.

The Modée

The modé follows the evolution of the diesel fuel jet from injection into evaporation and
ignition all the way into combustion. The model captures the physics and chemistry of a
parcel of fuel asit travels along the jet during the quasi-steady phase of the diesel
injection process. The main features of the model are listed next.

1. Fuel evaporation occurs as the fuel jet entrains hot air and mixes. The amount of
air required to evaporate the diesel jet is determined from an energy balance [17].
We assume that no chemistry occurs until all the fuel evaporates due to the
relatively low temperature of evaporation.

2. After thefuel isevaporated, chemistry becomes active and entrainment with air in
the cylinder continues until ignition occurs. Once ignition occurs (defined as the
point in which 1% of the total available chemical heat is released) we assume that
no more air entrains into the core of the fuel jet, since the oxygen is consumed in
the outer layers of the jet [17]. N-heptaneis used as the diesel fuel surrogate for
the chemical kinetic calculations.

3. The combustion process is analyzed during the first 0.5 ms after the end of
evaporation (0.5 msis equivalent to 3 crank angle degrees at 1000 rpm). The 0.5
ms period is long enough to include ignition in al cases considered. Available
oxygen inside the jet istypically depleted after the 0.5 ms, although there are a
few low temperature cases in which oxygen remains after the 0.5 ms.

4. Resultsreported in this paper for soot precursors and chemical composition refer
to the values calculated at 0.5 ms after fuel evaporation. Precursors generated at



thistime are likely to have enough time to react and form soot as they travel along
the jet. Therefore, soot precursors are expected to be a good indication of soot
production in the engine. The exception to this may be the few casesin which
oxygen remains inside the jet after the 0.5 ms period. If oxygen remains, the
oxygen islikely to react with the precursors before these have time to consolidate
into soot [18], reducing the soot formation potential of precursors. However, the
few casesthathave remaining oxygen after the 0.5 ms have very low precursor
concentration due to their low temperature of combustion. Therefore, we expect
to obtain good soot predictions from the model for the conditions being analyzed.

5. Themodel does not consider the process of soot formation from precursors or the
process of soot combustion that typically occursin the jet boundary [15,16]. Only
results for soot precursors are presented. While this model presents only part of
the overal picture of soot evolution, it is capable of explaining many of the
features of low temperature combustion, and it offers insight about the
characteristics of the process.

The parameters used in the analysis are listed in Table 1. It is assumed that fuel injection
occurs into a combustion chamber at 1000 K and 83 bar, which are considered typical of
diesel engines[19]. It is assumed that the ignition process occurs at constant pressure.
Diesdl fuel isamixture of multiple compounds, each evaporating at a different
temperature. Previous researchers have analyzed diesel fuel evaporation by considering a
pseudo specific heat that averages the sensible and the latent heats over the range of
evaporation of the fuel [19]. This approach is used here. The pseudo specific heat of
diesel fuel iscaculated from fuel characteristicslisted in [20].

Oncethefuel is evaporated, the model uses n-heptaneas a surrogate for diesel fuel, both
for the physical properties (specific heat) and for the chemical properties. A detailed
chemical kinetic mechanism for n-heptane is used, with 544 species[21]. It is recognized
that adiesel fuel that typically includes a significant fraction of aromatics in addition to
straight chain alkanes may produce more soot than n-heptane [13]. However, alkanes are
amajor component of diesel fuel and contribute significantly to soot as precursors build
into ring compounds that subsequently evolve into soot. Our model isideally suited for
evaluating the effect of fuel component characteristics on soot generation, and thiswill be
addressed in future work.

Five soot precursors are considered in the analysis, although it is observed that ethylene
and acetylene typically represent over 90% of the total mass of precursors, in agreement
with a previous analysis[18].

The mixing process between the fuel jet and the surrounding air is analyzed by specifying
a characteristic mixing time, t. The mixing timeis defined as the time in which a parcel

of the fuel jet entrains amass of air equal to My, where M, is the mass of the fuel parcel

at the moment of evaporation. M,, therefore includes the mass of fuel injected plus the
mass of entrained air necessary to evaporate the fuel. The mass of the fuel parcel at atime
t after the end of the evaporation processis therefore given by the following equation.



M =M, {1+t/7) ()

The parameter t is an important component of this model, as it completely characterizes
the mixing processes that occur during jet evolution. For this reason, the paper includes a
parametric analysis on how the selection of t affects the results.

Low temperature combustion is obtained at low fueling rates and high EGR fractions. In
the original smokeless combustion experiments [1], the fueling rate was kept constant as
the EGR rate was increased from zero to a high EGR fraction that resulted in a
stoichiometric or slightly rich mixture. In this paper we conduct the analysisin asimilar
fashion, by analyzing sequences of operating conditions that have the same fueling rates.
We start by analyzing engine combustion at zero EGR with an equivalenceratio ¢o. We
then analyze engine operation asthe air is replaced by exhaust gases, while keeping the
fueling rate constant (see Figure 1). Analyzing these sequences of operating conditions
with equal fueling rates, it is apparent that the parameter ¢, (equivalence ratio at zero
EGR) can be used as an indicator of fueling rate, since it can readily be used to calculate
amount of fuel injected in the cylinder. Chemica composition of the gases in the cylinder
can be expressed in terms of ¢, EGR and the characteristics of the fuel. First, the
composition of the EGR is calculated by conducting a mass and species balance over
control volume B (Figure 2), assuming complete combustion and a composition that is
overall lean or stoichiometric. The resulting composition of the exhaust gasesis:

Xto COz + Yo Ho0 + a1(1-¢o-EGR) O, + 3.770(1-EGR) N, )

where the fuel composition is CyH,O,, and a=x+y/4-z/2. For n-heptane, x=7, y=16, z=0
and a=11. The composition of the gas mixture inside the combustion chamber can then
be calculated by conducting a species balance on control volume A (Figure 2),
considering that EGR moles of residual gases with the composition given by Equation (2)
are mixed with (1-EGR) moles of fresh charge with the normal composition of air. This
composition of the gas mixture is then entrained into the fuel jet at arate specified by
Equation (1).

Once the composition of the gas mixture in the combustion chamber is known, we can
derive the following relationship between the overall equivalence ratio in the cylinder, ¢,
and ¢, EGR and the fuel composition:

P 2

¢= 4.772(EGR)(1- EGR—¢,) + (1- EGR)Z

©)

in this equation, X isthe total number of molesin the composition of the EGR (Equation
2):

¥ = X¢o + Yo + a(1-¢o-EGR) + 3.770(1-EGR) (4)



Figure 3 shows ¢ as afunction of EGR, with lines corresponding to multiple values of ¢,
for n-heptane. Thisfigureis obtained from Equations (3) and (4), and can be used for
determining the value of ¢ for every operating condition, as the algebraic relationship
between ¢, ¢, and EGR is complex.

Resultsin this paper are identified in terms of ¢, and EGR, as ¢, (fueling rate) relates
directly to important engine parameters such as load. Equivaence ratio and chemical
composition can be determined from Equations (2-4) and Figure 3 as needed. Some of
the figures refer to air-fuel ratio, which is defined in terms of the fresh air only, without
considering the oxygen introduced in the cylinder with the EGR:

Air-fuel ratio = 15.1316 (1-EGR)/¢q (5)

where 15.1316 is the stoichiometric air-fuel ratio of n-heptane on amass basis.

Results

Figure 4 shows soot precursors generated during fuel combustion in grams per gram of
fuel, asafunction of the air-fud ratio, for ¢,= 0.2. All the points on the line have the
same fueling rate (¢po= constant), and the air-fuel ratio in the figure is changed by
increasing the fraction of EGR, according to Equation (5). The level of EGR isindicated
by the dots in the figure, each representing 5% change in EGR fraction. The figure also
has three points marked on it (Points 1, 2 and 3). Combustion for these three pointsis
described in detail later in the paper. Figure 4 has avery similar shapeto the
experimental soot production plot obtained experimentally for low temperature
combustion [1]. However, it must be remembered that these results cannot be compared
directly, as Figure 4 shows precursors, which are only the first step in the evolution of
soot, and [1] shows particle matter emissions from the engine.

Figures 5-7 show the combustion details for operating Points 1, 2 and 3 (see Figure 4).
These figures show temperature (upper graph), chemical heat release, expressed asa
fraction of the total available chemical energy in the fuel (middle graph) and species mass
composition inside the jet (lower graph). Mass composition is expressed in arbitrary

units, considering that the total massin the fuel parcel is equal to 1 at the moment of fuel
evaporation. From that point, massis entrained into the parcel at arate given by Equation
1. Entrainment continues until the point of ignition. After ignition, the overall massin the
fuel parcel does not change. However, composition does change due to chemical

reaction. The total massin the parcel is not shown in Figures 5-7, as the nitrogen region
extends beyond the upper limit of the figure.

Figure 5 shows the results for Point 1, with 25% EGR and ¢,= 0.2. At these conditions,
ignition occurs approximately 0.2 ms after evaporation, and the oxygen inside the jet is
depleted in approximately 0.1 ms after ignition. Combustion temperature is slightly over
2000 K, kept relatively cold due to the high fraction of EGR (25%). Almost 40% of the



chemical energy in the fuel isreleased within the jet (the premixed combustion). The
chemical composition graph shows athin sliver of precursors, equivalent to
approximately 20 g per kg of fuel.

Point 2 corresponds to operation with maximum precursor formation. The details of the
combustion event for Point 2 (see Figure 4) are shown in Figure 6. Maximum precursor
formation for this condition corresponds to approximately 200 g/kg of fuel. With 65%
EGR and ¢.= 0.2, the combustion inside the jet is quite cold, reaching a maximum
temperature of only 1600 K. Heat release inside the jet is only 22% of the total available,
limited by the small amount of oxygen entrained in the jet, since a significant fraction of
the entrained gases are CO, and H»O. Ignition occurs almost at the same time as for Point
1 (Figure 5). However, oxygen depletion does not occur until 0.2 ms after ignition, as the
lower temperature reduces the reactivity of the mixture.

Point 3 represents the high EGR smokel ess combustion operation regime. Combustion
details for Point 3 are shown in Figure 7, for 80% EGR and ¢o= 0.2. In this case, the lack
of oxygen caused by the extremely high EGR fraction keeps the combustion very cold.
The temperature never exceeds 1000 K in the time period being analyzed. Lack of
oxygen inside the jet also limits the chemical heat release to 2% of the total fuel energy.
The combustion is cold enough that it produces a very low concentration of precursors
(lessthan 10g/kg of fuel, not visible in the figure), and most of the fuel goes unreacted.
The temperature is low enough that some oxygen remains beyond the 0.5 msinterval
being analyzed, indicating that the soot precursors existing inside the jet may not be very
effective producing soot, as the oxygen may react with the precursors before these have
time to consolidate into soot [18].

Previous publications on low temperature combustion have described the “ soot
peninsula,” aregion in the T-¢ diagram where combustion results in considerabl e soot
emissions [7]. Figure 8 shows the soot peninsula, which spreads in temperature between
1600 K and 2600 K, and down to about 2 in equivalence ratio. In addition to the soot
peninsula, Figure 8 shows the path in T-¢ space of Points 1, 2 and 3 (see Figure 4). The
end of the path during the 0.5 ms of analysisisindicated by adot. A dotted arrow then
follows, indicating the likely path of the point asit proceeds along the fuel jet, where we
have assumed that the fuel gets hotter and leaner as it progresses along the jet due to heat
transfer, diffusion and reaction with other regionsin the cylinder.

For Point 1 at 25% EGR, the path amost misses the soot peninsula due to the low
equivaenceratio at the point of ignition, and therefore little soot production is expected
at these operating conditions. Thisisin agreement with the low precursor concentration
obtained from the chemical kinetic analysis (20 g/kg fuel; Figure 4). If additional mixing
could be achieved before the time of ignition, possibly by reducing the air temperature in
the combustion chamber, the path of Point 1 would completely miss the soot peninsula,
resulting in smokeless combustion. Thisisthe principle of MK combustion [2], where
enhanced mixing and low temperature result in long ignition timing, which permits
relatively lean (¢p<2) and smokeless combustion. While combustion at $<2 produces



smokel ess combustion, it may still produce high NO,. More enhanced mixing (below
$=1) is necessary for smokeless, low NOy MK combustion.

The path of Point 2 ends at ¢ greater than 3 and at arelatively low temperature, as
indicated by the dot in Figure 8. While the end point for the path of Point 2 is not inside
the soot peninsula, it isin aregion that makes considerable precursors[7]. In addition to
this, the likely path as the fuel parcel proceeds along the jet (indicated by a dotted arrow
in the figure) leads it directly into the soot peninsula, resulting in considerable production
of soot.

For Point 3, the mixture remains very rich (¢>8) but also very cold (T<1000 K). Under
these conditions, it is unlikely that the fuel parcel can move into the soot peninsula asit
travels along the fuel jet. In addition to this, the final composition of Point 3 includes
oxygen (Figure 7), which reacts with any precursors being formed and slows down the
progress of the fuel parcel toward the soot peninsula.

From the results presented in Figure 8 we can illustrate the two paths that have been
previously demonstrated to avoid soot formation [13]. Oneis by greatly reducing the
temperature through extensive use of EGR (smokeless rich combustion, as achieved for
Point 3), and the other is by enhancing mixing to achieve combustion at low equivalence
ratio (MK combustion, as could be achieved for Point 1 through additional mixing).

In addition to the runs for specific points at afixed fueling rate, we have aso analyzed
the effect of multiple fueling rates on soot precursor production. Figure 9 shows
concentration of precursorsin grams per gram of fuel as afunction of air-fuel ratio, for
multiple lines corresponding to different fueling rates (different values of ¢,). The figure
shows that for all the fueling rates thereis an air-fuel ratio that corresponds to maximum
soot precursors, and the maximum level of soot precursors remains fairly constant for all
the fueling rates being considered, at about 200 g/kg of fuel. At the high fueling rates
(¢o>0.6) no peak in soot precursors is observed because the curve reaches the
stoichiometric line before the peak soot concentration is reached.

In Figure 9, adifferent soot precursor line is necessary for each fueling rate. However, we
have been able to collapse the lines for al the fueling rates onto asingle line by using an
appropriate choice for the x-axis variable. Both temperature after ignition and
equivaenceratio at the time of ignition (¢;) can be used as x-axis variables to obtain a
single linethat yields soot precursors for all fueling rates. Thisisillustrated in Figures 10
and 11. Figure 10 shows soot precursors in grams per gram of fuel as a function of
temperature after ignition. All the points included in Figure 9 are included in Figure 10,
with the symbols indicating the fueling rate that corresponds to each point. The figure
shows that all the lines for the different fueling rates shown in Figure 9 now collapse onto
asingleline, and soot precursors can be directly predicted from the value of the
temperature after ignition. Figure 10 shows that peak soot concentration is always
reached at 1600 K, and soot emissions drop to zero when the temperature after ignition
approaches 900 K.



Soot precursors for multiple fueling rates can also be collapsed onto asingle line if
equivaenceratio at the time of ignition (¢) is used as the x-axis variable. Thisis shown
in Figure 11, where the symbols again indicate the fueling rate corresponding to each
point. The figure shows that peak soot emissions are obtained at ¢; slightly above 3, and
soot emissions drop to nearly zero as ¢; drops below 2. The definition of ¢; used hereis
very similar to the equivalence ratio at lift-off length, ¢(H), previously defined in diesel
injection studies [22], since the lift-off length is defined as the point where chemical
reaction starts. For this reason, many results previously obtained for ¢(H) also apply for
¢;: diesel soot emissions correlate well with ¢(H), and smokeless combustion is obtained
when ¢(H)<2[13].

Sensitivity Analysis

In this section we analyze the sensitivity of the results for soot precursor as the two most
important model parameters are modified: gas temperature inside the cylinder and the
characteristic mixing time (t). The results are presented in Figures 12-15. Figure 12
shows soot precursors as a function of temperature after ignition, for three gas
temperatures inside the combustion chamber: 1000 K, 1100 K and 1200 K. All previous
resultsin this paper use 1000 K. Figure 12 includes results for al the fueling rates
analyzed and displayed in Figure 9. However, the fueling rates are not identified with
symbolsin Figure 12 for increased clarity. The figure shows that, once again, the points
for each of the three gas temperatures collapse onto asingle line for all fueling rates, as
previously observed for 1000 K (Figure 10). However, gas temperature has a significant
effect on soot precursors, as these tend to increase considerably as the gas temperature
increases. Peak soot precursor concentration increases from 200 g/kg of fuel for 1000 K
gasto 330 g/kg at 1200 K. Only for the lower combustion temperatures (less than 1300
K), the three lines collapse onto a single line, and smokeless combustion is obtained for
the three gas temperatures as the fraction of EGR increases and the mixture becomes
stoichiometric at low fueling rates. In the high temperature end of the figure it is observed
that combustion at the coldest gas temperature (1000 K) results in higher combustion
temperature (2200 K) and lower soot emissions (10 g/kg of fuel). Thisis because the
lower temperature of the gases reduces the reactivity of the mixture and resultsin more
gas entrainment into the jet before the time of ignition. As previously described,
additional oxygen inside the jet reduces the concentration of precursors, and produces
smokel ess combustion (MK) when ¢;<2. Additional oxygen a so increases the
temperature of combustion, as more of the available heat release in the fuel is released
before the oxygen is depl eted.

The sensitivity of soot precursors to gas temperature in the combustion chamber is shown
again in Figure 13, this time with the equivalence ratio at the time of ignition (¢;) asthe
x-axis variable. Figure 13 shows that the curves for the different gas temperatures shift to
higher equivalence ratios as the temperature is increased. Thisis again dueto the
increased reactivity of the fuel with the higher temperature air that limits the mixing that
can occur before ignition.



Figures 14 and 15 show the sensitivity of soot precursors to the characteristic mixing
time, t. As previously discussed, t describes the mixing process in thismodel. A small ©
indicates that the fuel jet mixes rapidly with the surrounding air, and alarge t represents
slow mixing (see Equation 1). Figure 14 shows soot precursors in grams per gram of fuel
as afunction of temperature after ignition, for three values of t separated by factors of 2
(5x10° s, 10 sand 2x10™* s). All previous calculations in this paper use t=10" s. The
figure shows that the peak precursor production drops considerably as t is reduced, as
improved mixing tends to reduce soot production. As previously observed, all low
temperature combustion cases (T under 1300 K) have the same soot emissions regardless
of the mixing rate.

Figure 15 shows once again soot precursors in grams per gram of fuel as a function of
temperature after ignition, for three values of t. However, in Figure 15 the three values of
1 are separated by factors of 10 (1=10° s, 10* sand 10 s). At these conditions, the slow
mixing case (t=10 s) produces considerably more precursors than the base case, but the
plot keeps the same genera shape as observed in Figure 14. For the very fast mixing case
(1=107 s), the temperature (and therefore the level of precursors) is quickly reduced by
the extremely high level of mixing. Interestingly, this corresponds qualitatively to the
experimentally observed reduction in soot seen in MK type combustion systems that
utilize higher than normal mixing rates through enhanced swirl.

Conclusions

We have developed a model of the diesel fuel injection process for application to analysis
of low temperature non-sooting combustion. The model uses a simplified mixing
correlation and detailed chemical kinetics, and analyzes a parcel of fuel asit moves along
the fuel jet, from injection into evaporation and ignition. The model predicts chemical
composition and soot precursors, and is applied at conditions that result in low
temperature non-sooting combustion. Production of soot precursorsisthe first step
toward production of soot, and modeling precursor production is expected to give insight
into the overall evolution of soot inside the engine. From these anal yses we conclude;

1. Soot precursors are low at the low EGR cases. Precursors then increase rapidly as
the EGR isincreased, reaching a maximum and then decreasing rapidly to near
zero as the mixture approaches stoichiometric conditions. These results are
consistent with the behavior observed in experiments conducted at Toyota.

2. Two pathsto achieve non-sooting combustion are investigated. Thefirst is
smokeless rich combustion and it is the result of restricting the amount of oxygen
entrained into the jet to reduce the combustion temperature to very low levels.
The second is modulated kinetics, and it is obtained by increasing the rate of
mixing and reducing the operating temperature so that ignition does not occur
until the equivalence ratio islow (lessthan 2).



3. Soot precursorsfor al the fueling rates considered can be collapsed onto asingle
curveif the precursors are expressed as a function of the temperature after
ignition, or as afunction of the equivalence ratio at the time of ignition. These
two variables are recognized as important parameters for characterizing low
temperature non-sooting combustion.

4. Parametric analysis has evaluated the sensitivity of soot precursorsto the two
most important model parameters: gas temperature in the combustion chamber
and characteristic mixing time. The results show that increasing temperature and
reducing the rate of mixing tend to increase the equivalence ratio at the time of
ignition, considerably increasing the soot precursor production.

5. Thismodel has been successful in describing many of the observed characteristics
of low temperature combustion. The model provides a chemical kinetic
description of low temperature diesel combustion that improves our
understanding of this clean and efficient regime of operation.
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Table 1. Parameters used in the analysis. For gas temperature and characteristic mixing
time, the table lists a base case value as well as arange of operation used for sensitivity

anaysis.

Parameter

Value

Gas temperature inside cylinder

1000 K (1000-1200K)

Gas pressure inside cylinder

83 bar

Fuel injection temperature 400 K

Fuel evaporation temperature 650 K

Pseudo specific heat of diesel fuel 2720 Jkg K

Chemical surrogate for diesel fuel n-heptane

Number of speciesin mechanism 544

Precursors ethylene (C;Hy)
acetylene (CzH>)
alene (CgH4a)
propyne (C3Ha.p)
aIIyI (C3H5_a)

Characteristic mixing time, t 0.0001 s (0.001-
0.00001 s)

Equivalence ratio at zero EGR, ¢, 0.1-1

EGR fraction

0-0.9
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Figure 1. Sequence of engine operating conditions being analyzed. The air-fuel ratio in
the engineisreduced at a constant fueling rate by replacing some of the fresh intake air
with exhaust gases. Air and EGR are shown separately in the figure in the right only for
illustration purposes, since air and EGR are assumed to be well mixed.
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Figure 2. The two control volumes (Control volume A and Control Volume B) used for
determining gas composition inside the combustion chamber.



- 1.0 A\ Iwal oD N/
< 0.9 f(f
£ 08¢
>
© 0.7 « $,=0.1 W
% 0.6 < $,=0.2 ®
£ 0,03 A
2 0.5 7 $,~0.4 &
s 0.4 $,=0.5 X
803 $,=0.6 O
S $,=0.7 &
% 0.2 $,=0.8 O
s 0.1 0,=0.9 A
O
© 0.0 ‘ ‘ ‘ ‘

0.0 0.2 0.4 0.6 0.8 1.0

fraction of EGR

Figure 3. Equivaence ratio inside the cylinder ¢ as afunction of fraction of EGR, for
multiple lines corresponding to different values of ¢,, for n-heptane.
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Figure 4. Soot precursors generated during fuel combustion in grams per gram of fuel, as
afunction of the air-fuel ratio, for ¢,= 0.2. All the points on the line have the same
fueling rate (¢o= constant), and the air-fuel ratio in the figure is changed by increasing the
fraction of EGR, according to Equation (5). Thelevel of EGR isindicated by the dotsin
the figure, each representing a 5% change in EGR fraction. The figure also has three
points marked on it (Points 1, 2 and 3). Combustion for these three pointsis described in
detail later in the paper.
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Figure 5. Combustion details for operating Point 1 (see Figure 4), showing temperature
(upper graph), chemical heat release, expressed as afraction of the total available
chemical energy in the fuel (middle graph) and species mass composition inside the jet
(lower graph). Mass composition is expressed in arbitrary units, considering that the total
mass in the fuel parcel isequal to 1 at the moment of fuel evaporation.
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Figure 6. Combustion details for operating Point 2 (see Figure 4), showing temperature
(upper graph), chemical heat release, expressed as afraction of the total available
chemical energy in the fuel (middle graph) and species mass composition inside the jet
(lower graph). Mass composition is expressed in arbitrary units, considering that the total
mass in the fuel parcel isequal to 1 at the moment of fuel evaporation.
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Figure 7. Combustion details for operating Point 3 (see Figure 4), showing temperature
(upper graph), chemical heat release, expressed as afraction of the total available
chemical energy in the fuel (middle graph) and species mass composition inside the jet
(lower graph). Mass composition is expressed in arbitrary units, considering that the total
mass in the fuel parcel isequal to 1 at the moment of fuel evaporation.
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Figure 8. Path in T-¢ space described by Points 1, 2 and 3 (see Figure 4). The end of the
path during the 0.5 ms of analysisisindicated by adot. A dotted arrow then follows,
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shows the “soot peninsula,” aregion in the T-¢ diagram where combustion resultsin
considerable soot emissions[7].
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Figure 9. Concentration of precursorsin grams per gram of fuel as afunction of air-fuel
ratio, for multiple lines corresponding to different fueling rates (different values of ¢,).
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Figure 10. Soot precursors in grams per gram of fuel as afunction of temperature after
ignition, with multiple fueling rates (multiple values of ¢), indicated by the symbols.
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Figure 11. Soot precursors in grams per gram of fuel as afunction of equivalence ratio
after ignition (¢;), with multiple fueling rates (multiple values of ¢,), indicated by the
symbols.




precursors, grams/gram of fuel

0.35

T.i=1000 K N
0.30 - “ T,=1100K @
P Ta=1200 K A
0.25 - A '
2
0.20 - '_.f
0.15 -
0.10 - *".
AR
0.05 - -f'f
0.00 e ‘ ‘
800 1300 1800 2300

temperature after ignition, K

Figure 12. Soot precursors as a function of temperature after ignition, for three gas
temperatures inside the combustion chamber: 1000 K, 1100 K and 1200 K.
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Figure 13. Soot precursors as a function of equivaence ratio at the time of ignition, for
three gas temperatures inside the combustion chamber: 1000 K, 1100 K and 1200 K.
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Figure 14. Soot precursors in grams per gram of fuel as afunction of temperature after
ignition, for three values of t separated by factors of 2 (5x10° s, 10 sand 2x10™ s).
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Figure 15. Soot precursors in grams per gram of fuel as afunction of temperature after
ignition, for three values of t separated by factors of 10 (10° s, 10* sand 10° s).





